Thus far, there are few computed tomography (CT) characteristics that can distinguish benign and malignant etiologies. The criteria are complex, subjective, and difficult to use in clinical applications due to the high level of experience needed. This study aimed to identify practical CT variables and their clinical relevance for broadly classifying histopathological diagnoses as benign or malignant. In this prospective study, all dogs with liver nodules or masses that underwent CT examination and subsequent histopathological diagnosis were included. Signalments, CT findings and histopathological diagnoses were recorded. Seventy liver nodules or masses in 57 dogs were diagnosed, comprising 18 benign and 52 malignant lesions. Twenty-three qualitative and quantitative CT variables were evaluated using univariate and stepwise multivariate analyses, respectively. Two variables, namely, the postcontrast enhancement pattern of the lesion in the delayed phase (heterogeneous; odds ratio (OR): 14.7, 95% confidence interval (CI): 0.82-262.03, P=0.0429) and the maximal transverse diameter of the lesion (>4.5 cm; OR: 33.3, 95% CI: 2.29-484.18, P=0.0006), were significantly related to the differentiation of benign from malignant liver lesions, with an area under the curve of 0.8910, representing an accuracy of 88.6%. These findings indicate that features from triple-phase CT can provide information for distinguishing pathological varieties of focal liver lesions and for clinical decision making. Evaluations of the maximal transverse diameter and postcontrast enhancement pattern of the lesion included simple CT features for predicting liver malignancy with high accuracy in clinical settings.
revealed that triple-phase helical CT characteristics are useful for differentiating among hepatocellular carcinoma, hepatocellular adenoma, nodular hyperplasia and metastasis [4, 10, 18] since dynamic CT can reveal differences in vascularization that are of diagnostic significance [8, 12, 15] . However, its diagnostic performance in differentiating benign from malignant liver lesions has not been sufficiently clarified due to the complexity of using contrast uptake characteristics [9, 15] , which is a subjective evaluation that can vary among both veterinary radiologists and clinicians. A previous study reported that the lowest delayed phase absolute enhancement of a mass is able to distinguish benign from malignant liver masses with high accuracy [5] . However, this subjective criterion has been precluded from application in clinical settings, as considerable clinical experience is needed. To the best of our knowledge, CT characteristics remain challenging for differentiating benign from malignant liver lesions, although a few studies have investigated the association between CT features and pathological varieties of liver lesions [5, 9] , and determining applicable CT features for predicting liver malignancy in clinical practice could aid in clinical decision making for treatment.
Therefore, the purpose of this study was to determine the diagnostic value of dynamic CT images in order to identify CT variables that could be useful for classifying benign and malignant liver lesions in clinical practice.
MATERIALS AND METHODS

Study design and study population
This study was a prospective study conducted in accordance with the Hokkaido University Animal Care and Use Committee. Medical records of the dogs attending the Hokkaido University Veterinary Teaching Hospital were searched from April 2016 to June 2019 for all dogs with liver nodules or masses. Consent was obtained from the owners of all dogs recruited into this study.
The inclusion criteria of this study were dogs with liver nodules or masses that underwent abdominal CT examination before obtaining surgical resection of the lesion. All histopathological diagnoses were performed by a single board-certified pathologist.
Dogs were excluded from the study if they did not undergo CT examination or did not have a definitive diagnosis of a lesion that was histopathologically confirmed.
CT procedures
All CT examinations were performed using an 80-row multidetector CT scanner (Aquilion PRIME, Toshiba Medical Systems, Tochigi, Japan) by an experienced radiologist (KH or GS). Helical CT scans that included precontrast and postcontrast images in the arterial, portal and delayed phases through the liver were routinely performed for all abdominal CT scans. Anesthesia for all dogs was induced by propofol, and the dogs were positioned in dorsal or sternal recumbency. General anesthesia was maintained by isoflurane inhalation through CT examination. The scan settings included a slice thickness of 3 mm, helical pitch of 0.813, tube rotation time of 0.5 sec, X-ray tube potential of 120 kVp and X-ray tube current of 60-500 mA, which were automatically calculated by a commercial software package (Sure Exposure 3D; Toshiba Medical Systems, Tochigi, Japan). All helical scans were initiated at the diaphragmatic dome and extended caudally to the level of the pelvic inlet. Following precontrast CT scanning, iohexol (Omnipaque 300, GE Healthcare, Oslo, Norway) was used as a contrast medium and was administered at a dose of 2 ml/kg (600 mg iodine/kg) via the cephalic vein with a power injector over an injection duration of 20-30 sec. Postcontrast images were obtained using the bolus tracking technique. The trigger threshold for the arterial scan was set at 200 Hounsfield units (HU) of the abdominal aorta. After triggering for 20 sec, the arterial phase scan was automatically initiated. The portal phase was initiated at 20 sec after the end of the arterial phase scan. Three min after the beginning of the injection of contrast medium, a delayed phase scan was obtained.
Data collection and diagnostic criteria
Medical histories of the dogs included in the study were reviewed, and the following data were extracted: signalment, including age, sex, breed and body weight, and histopathological diagnosis of the liver lesion.
CT images of all included dogs were reviewed using DICOM viewing software (OsiriX, Pixmeo SARL, Bernex, Switzerland) by a doctoral student (RL) trained in internal medicine and diagnostic imaging that was unaware of the final diagnosis at the time of image review. The number of liver nodules or masses in each dog was recorded during CT image evaluation, which included both qualitative and quantitative variables.
The following qualitive variables were recorded: location; appearance of the lesion margin (well-defined or ill-defined); surface appearance (lobulated or smooth); capsule formation, which was defined as a thin or thick band that partially or completely surrounded the tumor at different attenuations of postcontrast images (presence or absence); and blood vessel distribution within each lesion during arterial enhancement (central, peripheral or diffuse). Central enhancement was defined as the presence of blood vessels in the central area of the lesion. Peripheral and diffuse enhancements were defined as the presence of blood vessels surrounding the marginal area of the lesion and blood vessels extending across the entire lesion, respectively. Parenchymal homogeneity of the lesion in precontrast images and the postcontrast enhancement pattern of the lesion in postcontrast images were defined as the uniformity of lesion enhancement (homogenous or heterogeneous) by subjective evaluation. The overall attenuation of the lesion relative to normal liver parenchyma in postcontrast images (hypo-, iso-or hyperattenuation) was also recorded by measuring the contrast values in HU. Attenuation of the lesion, excluding calcification, vessels and nonenhanced regions that might be a cyst, necrosis or hemorrhage, and surrounding liver parenchyma was measured using a circular region of interest (ROI) of approximately 30 mm 2 within the 3 areas of interest for each phase. The classification of attenuation of the lesion was defined by a cutoff of 10 HU as described previously [10] . Hyperattenuation was defined as a lesion contrast value at least 10 HU greater than doi: 10.1292/jvms.19-0278 that of the liver parenchyma. Isoattenuation was defined as a lesion contrast value that was no greater or less than 10 HU compared to that of the liver parenchyma. Hypoattenuation was defined as a lesion contrast value of at least 10 HU less than that of the liver parenchyma.
The following quantitative variables were recorded: maximal transverse diameter of the lesion (cm), mean attenuation of normal liver parenchyma in each phase (HU), mean attenuation of the lesion in each phase (HU), relative attenuation of the lesion in each phase (mean attenuation of the lesion−mean attenuation of normal liver parenchyma) and the volume of the lesion (cm 3 ) by generating volume-rendered images of the lesion. Volume-rendered images were carefully constructed by placing an automated closed polygon ROI on the entire nodule or mass in transverse slices from the most cranial to the most caudal part of the lesion. The volume of the lesion was automatically computed from the sum of the volumes of all the ROIs of all the slices.
All medical records and CT data of all included dogs were compiled by one observer (RL).
Statistical analysis
Statistical analysis was performed using commercial software (JMP Pro, version 14.0.0; SAS Institute Inc., Cary, NC, U.S.A.) by one investigator (RL). The pathological conditions from histopathological diagnosis of the lesion were simply classified as benign or malignant lesions for comparisons of CT variables between both conditions using univariate and multivariate analyses. The normality of continuous data, including age, body weight, maximal transverse diameter of the lesion, volume of the lesion, attenuation of the lesion and normal liver parenchyma and relative attenuation of the lesion, was assessed by the Shapiro-Wilk test.
For the univariate analysis, continuous variables were analyzed using Student's t-test and the Mann-Whitney U test for normally distributed and nonnormally distributed data, respectively, and are presented as the mean ± standard deviation. Categorical variables, including sex, breed, location, appearance of the lesion margin, surfaces, capsule formation, blood vessel distribution, parenchymal homogeneity of the lesion and overall attenuation of the lesion, were assessed using Fisher's exact test or χ 2 test and are presented as numbers and percentages.
For the multivariate analysis, a stepwise regression analysis was used to select the significant variables from the univariate analysis via forward selection with a P value threshold (P<0.15 for inclusion and P>0.2 for exclusion) to identify independent variables that can classify benign and malignant liver lesions. The odds ratio (OR) and 95% confidence interval (CI) of each variable that was included in the multivariate model were calculated. Receiver operating characteristic curve analysis was performed to determine the diagnostic accuracy of the multivariate model and each independent variable. For all statistical analyses, a P value <0.05 was considered statistically significant.
RESULTS
Fifty-seven dogs with 70 nodules or masses met the inclusion criteria and were enrolled in this study. The dogs included in this study consisted of 25 females (20 spayed) and 32 males (24 neutered). The average age at diagnosis was 11.2 ± 2.4 years. The average body weight of the dogs was 9.2 ± 6.6 kg. The dog breeds included 7 Chihuahuas, 4 Yorkshire Terriers, 4 Miniature Dachshunds, 4 Miniature Schnauzers, 4 Shiba Inus, 4 Shih Tzus, 4 Welsh Corgis, 3 Mongrels, 3 Toy Poodles, 2 Beagles, 2 Border Collies, 2 Golden Retrievers, 2 Malteses, 2 Papillons, and one of each of the following breeds: Australian Shepherd, Boston Terrier, Brussels Griffon, Cairn Terrier, Jack Russel, Lasa Apso, Miniature Pinscher, Pekingese, Saluki and Shetland Sheepdog.
The histological findings revealed 52 malignant and 18 benign varieties of liver lesions. For malignant lesions, 43 were hepatocellular carcinomas, 4 were hepatocholangiocarcinomas, 2 were cholangiocellular carcinomas, 2 were undifferentiated sarcomas, and 1 was a hemangiosarcoma. Benign lesions included 14 nodular hyperplasias, 1 cholangiocellular adenoma, 1 glycogen accumulation, 1 hematoma and 1 portal vein hypoplasia.
The evaluation of 23 CT variables, including 12 qualitative and 11 quantitative variables, was included in the univariate analysis. Among these variables, 7 qualitative variables, including the appearance of the lesion margin, surfaces, capsule formation, parenchymal homogeneity of the lesion in the precontrast image and postcontrast enhancement pattern of the lesion in postcontrast images, and 3 quantitative variables, including maximal transverse diameter, volume of the lesion and mean attenuation of liver parenchyma in the portal phase, were significantly different between the benign and malignant liver lesions (Tables 1 and 2) .
All significant CT variables from the univariate analysis were included in the stepwise analysis. Among these variables, the maximal transverse diameter, appearance of the lesion margin, parenchymal homogeneity of the lesion in the precontrast image and postcontrast enhancement pattern of the lesion in the arterial and delayed phases were selected as candidate variables for multivariate analysis, as shown in Table 3 . However, the multivariate analysis revealed that only the maximal transverse diameter (P=0.0006) and postcontrast enhancement pattern of the lesion in the delayed phase (P=0.0429) were found to be significant independent CT variables for the differentiation of benign from malignant focal liver lesions ( Figs. 1 and 2 ).
Regarding these independent CT variables, the best cutoff value of the maximal transverse diameter for predicting liver malignancy was >4.5 cm (OR: 33.3, 95% CI: 2.29-484.18) based on the highest Youden's index according to receiver operating characteristic curve analysis. In addition, malignant pathological conditions were associated with the heterogeneous appearance of lesions in the delayed phase (OR: 14.7, 95% CI: 0.82-262.03) ( Table 3 ). The diagnostic performance of each variable and the combination of both variables for predicting liver malignancy is shown in Table 4 . The results indicated that the combination of both independent variables had a higher predictive ability than each individual variable in predicting liver malignancy, with an area under the curve of 0.8910. The performance measurement based on the combination of both independent variables presented an accuracy of 88.6%, a sensitivity of 92.3% and a specificity of 77.8%. doi: 10.1292/jvms.19-0278
DISCUSSION
In the present study, the maximal transverse diameter and postcontrast enhancement pattern of the lesion in the delayed phase were significantly related to the differentiation of pathological varieties of focal liver lesions, with an accuracy of 88.6% observed for triple-phase CT.
The maximal transverse diameter and postcontrast enhancement pattern of the lesion in the delayed phase, which were independent variables in the multivariate analysis, are considered suitable criteria for easily differentiating between benign and malignant liver lesions, although both were subjective variables. Using 4.5 cm as an optimal cutoff for the lesion, liver malignancy was independently predicted, with an accuracy of 77.1%. This cutoff value for the maximal transverse diameter is consistent with that reported in previous studies on the ultrasonographic appearance of focal liver lesions [6, 13] . Additionally, parenchymal homogeneity of the lesion in the delayed phase independently classified liver lesions with an accuracy of 77.1%, and a malignant variety of focal liver lesions presented with a significantly heterogeneous appearance in the delayed phase. This heterogeneous appearance could be related to the presence of a necrotic region within the mass, which is consistent with previous studies of CT characteristics of liver lesions [4, 5, 10, 18] , revealing not only that the lowest absolute enhancement of the mass in the delayed phase of less than 37 HU could predict malignant liver lesions and theoretically reflect the region of necrosis [5] but also that cystlike necrotic lesions tend to be found in hepatocellular carcinoma [4] . Regarding the results, both independent variables may reflect the aggressive biological behavior of liver malignancy, which could be indicated by a large lesion size and the presence of necrosis within a mass via the heterogeneous appearance of the lesion. In this study, significant differences in the appearance of the lesion margin, parenchymal homogeneity of the lesion in the precontrast image and postcontrast enhancement pattern of the lesion in the arterial phase between benign and malignant focal liver lesions were observed in the univariate analysis; however, they may have fallen out of the multivariate analysis because they were less important than other factors. In addition, the present study did not find a significant difference in the blood vessel distribution in the lesions, and thus, this factor could not be used to distinguish benign from malignant liver lesions, which is consistent with the results of a previous study in dogs postulating that histopathological and vascular characteristics of liver neoplasms may vary between humans and dogs [5] .
In this study, quantitative variables, including multiple attenuation values within a defined region for identifying the enhancement ability of the lesions after the uptake of contrast medium, were not measured due to the complexity of subjective evaluation and the experience of the observer. Furthermore, this study aimed to find practical variables that clinicians and veterinary radiologists can use to easily distinguish benign from malignant liver lesions in clinical practice. The measurement of multiple attenuation values may vary among observers due to the degree of subjectivity in placing the ROI on a defined region.
The high accuracy of diagnostic performance in differentiating benign from malignant focal liver lesions suggests that triplephase CT has the ability to identify lesions by their blood supply and contrast uptake characteristics during 3 distinct hepatic circulatory phases: the arterial, portal and delayed phases [8] . During the delayed phase, enhancement of the liver parenchyma is maximized, which may result in the clear evaluation of the postcontrast enhancement pattern of the lesion, as described in the present study.
One limitation of this study is its small sample size, with only 57 dogs enrolled. This sample size may affect the results and accuracy of the CT variables used to distinguish benign from malignant focal liver lesions. Another limitation is the relative lack of variety in lesion types from the histopathologic results that were included in this study, likely leading to a number bias. It is possible that benign-looking malignancies were not taken to surgery and thus were also not included in this study. Therefore, our study population based on histologic examination could have affected the results of this study. Next, the discrepancies in the CT protocols used among studies in the literature may also affect the CT interpretation in each study. Moreover, the effect of the duration of contrast material injection on the arterial phase for the detection and classification of pathological varieties of focal liver lesions in veterinary medicine remains unclear. Therefore, another prospective study is warranted to investigate the effect of contrast material injection duration on arterial enhancement. Finally, CT measurement variables for interpretation vary between studies, leading to differences in the results due to subjectivity and observer variation. Despite these limitations, this study identified CT variables that can be used to easily differentiate benign from malignant lesions in the clinic using fixed criteria for each variable to minimize interobserver variability.
In conclusion, based on the small number of dogs with limited lesion types in this study, we found that CT variables, including the maximal transverse diameter and postcontrast enhancement pattern of the lesion in the delayed phase are independent variables that can distinguish benign and malignant liver lesions. The clinical relevance of both variables for predicting liver malignancy are high accuracy, supporting their clinical use. Although CT diagnosis cannot provide a specific diagnosis, which requires histopathological examination, the results of this study indicate that triple-phase CT can aid in the prediction of pathological varieties of focal liver lesions and can assist clinicians in clinical decision making. Further investigations with larger numbers of dogs presenting different types of malignant liver tumors and nonmalignant lesions should be conducted to support the results of this study and to provide a more in-depth investigation into CT characteristics of focal liver lesions within each specific classification due to heterogeneous prognoses among specific lesion diagnoses.
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